A spontaneous high density lipoprotein (HDL) deficiency syndrome in chickens associated with a Z-linked (sex-linked) mutation has been reported (F. Poernama et al, 7 Lipid Res 1990,31:955-963). The mutant, called WHAM (Wisconsin hypo-alpha mutant), has a 70-90% reduction in plasma HDL cholesterol and apolipoprotein A-I (apo A-I) concentrations. In the present study, the effect of the HDL deficiency on diet-induced or spontaneous atherosclerosis was assessed. Control chickens maintained on a highcholesterol diet for 28 weeks experienced a 2.4-fold rise in the plasma very low density lipoprotein cholesterol concentration, while the same diet induced a 3.7-fold rise in the low density lipoprotein cholesterol concentration in WHAM chickens. The high-cholesterol diet did not elevate the plasma HDL cholesterol or apo A-I concentrations in either group. Both the aortic area of involvement and the width of lesions were quantified by gross and microscopic examination, respectively. Cholesterol feeding produced a significant increase in the area of the aorta with atherosclerotic lesions in both control and mutant chickens. The HDL deficiency in WHAM chickens did not correlate with a higher lesion area or increased lesion thickness. To assess the effect of HDL deficiency on spontaneous atherosclerosis, a separate group of control and WHAM chickens was maintained on a low-fat, cholesterol-free diet for 3 years. At the end of the 3-year period, the area and thickness of the spontaneous aortic lesions in control and WHAM chickens were not significantly different Spontaneous HDL deficiency in chickens is therefore not associated with increased susceptibility to atherosclerosis, (/trteriosdewsis and Thrombosis 1992;12:601-607) KEY WORDS • chickens • high density lipoproteins • atherosclerosis • apolipoprotein A-I
High Density Lipoprotein Deficiency Syndrome in Chickens Is Not Associated With an Increased Susceptibility to Atherosclerosis
Ferry Poernama, Ramiah Subramanian, Mark E. Cook, and Alan D. Attie A spontaneous high density lipoprotein (HDL) deficiency syndrome in chickens associated with a Z-linked (sex-linked) mutation has been reported (F. Poernama et al, 7 Lipid Res 1990,31:955-963). The mutant, called WHAM (Wisconsin hypo-alpha mutant), has a 70-90% reduction in plasma HDL cholesterol and apolipoprotein A-I (apo A-I) concentrations. In the present study, the effect of the HDL deficiency on diet-induced or spontaneous atherosclerosis was assessed. Control chickens maintained on a highcholesterol diet for 28 weeks experienced a 2.4-fold rise in the plasma very low density lipoprotein cholesterol concentration, while the same diet induced a 3.7-fold rise in the low density lipoprotein cholesterol concentration in WHAM chickens. The high-cholesterol diet did not elevate the plasma HDL cholesterol or apo A-I concentrations in either group. Both the aortic area of involvement and the width of lesions were quantified by gross and microscopic examination, respectively. Cholesterol feeding produced a significant increase in the area of the aorta with atherosclerotic lesions in both control and mutant chickens. The HDL deficiency in WHAM chickens did not correlate with a higher lesion area or increased lesion thickness. To assess the effect of HDL deficiency on spontaneous atherosclerosis, a separate group of control and WHAM chickens was maintained on a low-fat, cholesterol-free diet for 3 years. At the end of the 3-year period, the area and thickness of the spontaneous aortic lesions in control and WHAM chickens were not significantly different Spontaneous HDL deficiency in chickens is therefore not associated with increased susceptibility to atherosclerosis, (/trteriosdewsis and Thrombosis 1992;12:601-607) KEY 1 HDL cholesterol levels are 3-4 mg/dl lower in subjects with cardiovascular disease. 2 Gordon et al 3 noted that each 1 mg/dl increment in HDL cholesterol concentration is associated with a 2-3% decrement in cardiovascular risk. A similar association has been observed between plasma apolipoprotein A-I (apo A-I) concentration and cardiovascular disease. Miller 4 observed that in survivors of myocardial infarction or patients with angiographically defined cardiovascular disease, plasma apo A-I levels were lower than in healthy subjects.
The increased cardiovascular risk associated with HDL deficiency has also been reported in individuals with mutations that cause HDL deficiency syndromes. For example, individuals with combined apo A-I/apo C-III deficiency have premature atherosclerosis. 5 -6 Fur-ther support for the concept that HDL is a protective agent stems from analysis of families with unusually high HDL levels. Mutations causing increased HDL concentrations, such as deficiencies in cholesterol ester transfer protein, 7 are associated with a reduced cardiovascular risk and appear in families with prolonged life spans. 8 Comparisons of atherosclerosis susceptibility in relation to HDL levels in nonhuman primates have also been informative. At similar levels of hypercholesterolemia, plasma HDL and apo A-I concentrations are higher in African green monkeys than in cynomolgus monkeys, primarily due to a higher apo A-I synthesis rate in African green monkeys. 9 Accordingly, cynomolgus monkeys are more susceptible to diet-induced hypercholesterolemia and atherosclerosis than African green monkeys. 1011 The potential protective effects of HDL were recently tested in vivo by Badimon et al.
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- 13 Weekly injections of HDL to cholesterol-fed rabbits not only reduced the total area and thickness of aortic fatty streak lesions but also induced regression of preexisting aortic fatty streak lesions.
-13
However, the negative correlation between plasma HDL concentration and atherosclerosis susceptibility is not universally observed. For example, in some HDL deficiency syndromes, such as Tangier disease, familial lecithin-cholesterol acyltransferase (LCAT) deficiency, fish eye disease, and apo A-Ima^o, no evidence of premature atherosclerosis has been reported. 14 - We recently identified a mutant chicken model for a spontaneous HDL deficiency syndrome. The chickens were originally identified as having white rather than yellow beaks and shanks 18 ; thus the mutant locus was designated the y locus. The y locus is on the Z chromosome of the chicken. 19 ' 20 Termed the Wisconsin hypoalpha mutant (WHAM) chicken, the animals have a >90% reduction in HDL cholesterol and apo A-I concentrations relative to normal chickens. In vivo plasma turnover studies indicated that the HDL deficiency in WHAM chickens is primarily due to a reduction in apo A-I production. 21 We used control and WHAM chickens to address two issues: the effect of an HDL deficiency in chickens on their susceptibility to diet-induced atherosclerosis and the effect of an HDL deficiency in chickens on their susceptibility to spontaneous (age-related) atherosclerosis. Diet-induced atherosclerosis was assessed by feeding control and WHAM chickens a high-fat, highcholesterol diet for 28 weeks. Spontaneous atherosclerosis was assessed by feeding control and WHAM chickens a low-fat, essentially cholesterol-free diet for 3 years. Aortas from both groups of chickens were then analyzed to quantify the extent and severity of atherosclerotic lesions.
Methods

Animals
The chickens used in this study were obtained by crossing heterozygous males (Y/y) with hemizygous WHAM females iyl-). After hatching, the chicks were wing-banded, weighed, and identified as either control (Y/-) or WHAM (y/-) by examination of shank color. Test diets were fed beginning at 1 day of age and continuing for either 28 weeks or 3 years, as described below.
Diets
The basal diet (ad libitum) was a corn/soy-based diet to which 12.4% (by weight) lard was added. By calculation, the diet contained 14% fat by weight or 37% as total calories (Table 1 ). The two dietary treatments consisted of the basal (cholesterol-free) diet and the basal plus 4% cholesterol (USB Co., Cleveland, Ohio, high-cholesterol) diet. The diets were each fed to two groups of chicks, each group comprising 10 animals, for 28 weeks. Each group of chicks consisted of control females (Y/-) or hemizygous WHAM females (y/-). Thirteen of the original 40 chickens did not survive to the end of the 28 weeks, primarily due to death during blood collection.
The effect of age on the development of atherosclerotic lesions in control and WHAM female chickens was also investigated. A group of 1-day-old chicks consisting of control (Y/-) and WHAM iyl-) females were fed a low-fat (3.6% by weight), essentially cholesterol-free (0.01%) diet (low-fat, cholesterol-free diet; Table 2 ) for 3 years.
Lipoproteins
Blood samples were collected into tubes containing dry EDTA. For the analysis of the cholesterol distribution in plasma, very low density lipoprotein (VLDL, d< 1.006 g/ml), intermediate density lipoprotein (IDL, d=1.006-1.019 g/ml), and low density lipoprotein (LDL, d=1.019-1.046 g/ml) were isolated by sequential ultracentrifugation in a Beckman Ti 50.2 rotor (Fullerton, Calif.) for 24 hours at 40,000 rpm at 15°C. HDL (d=1.046-1.21 g/ml 22 ) was isolated by ultracentrifugation for 48 hours as previously described. 21 
Plasma Cholesterol and Apolipoprotein A-I Quantification
Plasma and lipoprotein cholesterol concentrations were determined by enzymatic assay (kit 352, Sigma Chemical Co., St. Louis, Mo.). Plasma apo A-I concentration was quantified by radioimmunoassay using rabbit anti-chicken apo A-I antiserum, as previously described. 21 The antiserum was diluted so as to bind 40-60% of radioiodinated apo A-I (approximately 10,000 cpm). The assay was carried out by mixing 100 /AI diluted antiserum and 100 y\ diluted plasma or 100 fi\ apo A-I standard with 100 //.I of 125 I-apo A-I (approximately 30 ng). The volume was brought to 500 /tl with dilution buffer (0.1 M sodium borate, 400 mg/ml Tween 20, 100 mg/ml bovine serum albumin, and 1 mM NaN 3 , pH 8.5). The mixture was incubated overnight at 4°C, and the bound apo A-I was precipitated by adding 100 III of a protein A-Sepharose CL-4B (Sigma) suspension. The pellet was collected by centrifugation and washed three times in dilution buffer. The radioactivity in the pellet was quantified in a Packard Multiprias 3801 gamma counter (Meriden, Conn.).
Measurement of Lesion Area
At the end of the experiment, the chickens were killed and the aortas, including the major branches, were dissected and tagged for identification. The record of phenotype and identification number was sealed until the completion of all experimental observations. All subsequent steps (including photography) were carried out without knowledge of the phenotype of the animal from which each aorta was obtained.
The aorta was cut longitudinally and pinned on a board, exposing the entire luminal surface, including the proximal portions of the major branches and the aortic bifurcation. The entire aorta was stained with Sudan IV (Sigma), 0.5% (wt/vol) in 35% ethanol, 50% acetone for 20-30 minutes with occasional shaking. The aorta was destained in 70% ethanol until the background color was clear and then washed with water. 23 The aorta was then photographed with a ruler in place, and 2x2-in. projection slides were prepared. The aorta was fixed in 10% formalin until further processing. The areas of the entire aorta and the lesions were traced onto paper from the projected slides. The total area of the aorta (from the arch to the iliac artery 1 cm distal to the aortic bifurcation), as well as that of the lesions, was then measured using the Bioquant (BQ) System 4 (R&M Biometrics, Nashville, Tenn.) on an IBM-PC. The lesion area was expressed as the percentage of the total aortic area.
Measurement of Lesion Thickness
After fixation in 10% formalin for at least 24 hours, three zones were serially cross-sectioned in each aorta ( Figure 1 ); sections were taken from the descending thoracic aorta at the apex of the arch (proximal), at the level of the origin of the celiac artery (medial), and 0.5 cm distal to the origin of the renal arteries (distal). The sections were marked with different colored inks, notched for proper identification of aortic location, and processed routinely for histological analysis. The processed tissues were embedded in paraffin, and 5-/Am sections were cut from each specimen and stained with hematoxylin and eosin (H&E) or with Elastic-van Gieson's (EVG) stain. Each microscope slide had at least one section of all three aortic segments of each animal stained with H&E or with EVG. The slides were viewed by two observers who were blinded to the dietary treatments and identities of the animals. The H&E-stained sections from each animal were first scanned for intimal lesions or any other pathological changes. Lesions identified as fibrolipid plaques were then quantified using a measuring grid in the eyepiece of the microscope. Lesion width was measured in EVG-stained sections at the greatest distance between the endothelial (luminal) surface and the internal elastic lamella. The internal elastic lamella was identified as the thickest continuous elastic layer at the beginning of the media. The thickness of the lesions did not vary significantly between serial sections.
Statistical Analysis
The data were subjected to analysis of variance using PROC GLM from SAS 24 on a VAX 11/780 computer. The significance of the means was determined by employing the least-squares difference method 23 using the same program. 
FIGURE 2. Graph of time courses of plasma cholesterol concentrations in control (Y/-) and Wisconsin hypo-alpha mutant (y/-) chickens fed cholesterol-free (0%) or highcholesterol (4%) diet.
Results
Effect of Diet on Plasma Cholesterol and Lipoproteins
Previously, we observed a >90% reduction in HDL cholesterol concentration in 6-week-old WHAM chickens fed a low-fat, cholesterol-free diet. 21 In the present study, total plasma cholesterol levels were much higher because the animals were ovulating and were eating a high-fat diet. Relative to control chickens, WHAM chickens still had a 71% or 80% reduction in the HDL cholesterol concentration on the cholesterol-free or high-cholesterol diet, respectively.
The high-cholesterol diet raised plasma cholesterol concentrations in both control and WHAM chickens throughout the feeding trial (Figure 2 ). Total plasma cholesterol levels of WHAM chickens were much lower than those of control chickens on either diet throughout most of the study.
The rise in plasma cholesterol levels brought about by the high-cholesterol diet was primarily in the VLDL cholesterol concentration in control chickens, whereas in WHAM chickens there was no significant change in the VLDL cholesterol concentration. Conversely, WHAM chickens experienced a 3.7-fold increase in the LDL cholesterol concentration while controls exhibited 
FIGURE 3. Graph of time courses of plasma apolipoprotein (Apo) A-I concentrations of control (Y/-) and Wisconsin hypo-alpha mutant (y/~) chickens fed cholesterol-free (0%) or high-cholesterol (4%) diet. Apo A-I concentration was determined by radioimmunoassay during first 8 weeks of feeding trial
no significant change in the LDL cholesterol level (Table 3) .
Plasma Apolipoprotein A-I Concentrations
Plasma apo A-I concentrations were determined during the first 8 weeks of the 28-week feeding trial ( Figure  3 ). The high-cholesterol diet did not significantly raise plasma apo A-I concentrations in control or WHAM chickens. Accordingly, plasma apo A-I concentrations remained low (<10% of control) in WHAM chickens. Similarly, at 3 years of age, WHAM apo A-I levels were only 6.6% of those in control chickens (Table 4) .
Diet-Induced Atherosclerosis
The high-cholesterol diet enlarged the area of aortic atherosclerotic lesions in both control and WHAM chickens ( Figure 4 and Table 5 ). The distal aorta was more severely affected than the other regions. This closely resembles human atherosclerosis, in which the infrarenal portion of the aorta is often affected. Within a diet group, lesion areas did not differ between control and WHAM chickens. There was no correlation between lesion area and concentrations of total plasma cholesterol (r= -0.02), VLDL cholesterol (r= -0.04), or HDL cholesterol (r=-0.09). However, there was a strong positive correlation between lesion area and LDL cholesterol concentration (r=0.70). This was especially manifested in WHAM chickens, in which LDL cholesterol concentration increased 3.7-fold and the area of the aorta occupied by atherosclerotic lesions increased threefold on the high-cholesterol diet (Tables  3 and 5 ). 
Spontaneous Development of Atherosclerotic Lesions
The effect of the HDL deficiency on the spontaneous (age-dependent) development of atherosclerotic lesions was also investigated. After 3 years on a low-fat, essentially cholesterol-free diet, control chickens experienced a sevenfold increase in the area of lesions and an 11-fold increase in the thickness of lesions in the distal aorta compared with WHAM chickens; however, these differences were not significant (p=0.08 and 0.10, respectively, Table 4 ). No lesions were detected in the proximal or medial aorta in either control or WHAM chickens. Atherosclerotic lesions were observed chiefly in the distal abdominal aorta, from the origin of the renal arteries to the aortic bifurcation at the iliac artery.
Lesions seen in the distal abdominal aorta were made of connective tissue (stained magenta with EVG), within which were interspersed cells with cytoplasmic vacuolization and a central nucleus ( Figure 5 ). The surface of the lesions was capped with layers of collagen. These lesions were recognized as fibrolipid plaques ( Figure 5 ). The lesions appeared in some instances to be covered with endothelium, although this could not be ascertained in every instance.
Discussion
A spontaneous HDL deficiency syndrome in an animal species known to be susceptible to diet-induced and spontaneous atherosclerosis provided an opportunity to test the hypothesis that HDL deficiency would have a significant impact on atherosclerotic diathesis.
Feeding chickens a high-fat, high-cholesterol diet raises plasma cholesterol levels and promotes the development of atherosclerotic lesions. 26 Lipid infiltration is followed by the development of fibrous plaques. These plaques progress with the deposition of additional fibrous tissue and calcium. 26 The frequency and severity of atherosclerotic lesions in chickens fed an atherogenic diet are related to the amount of dietary cholesterol and the duration of the diet. 27 In addition to diet-induced atherosclerosis, spontaneous atherosclerosis has also been observed in chickens. 28 The diet-induced and spontaneous atherosclerosis observed in the present study were qualitatively similar to what has been previously reported. The most prominent histological finding was the development of fibrous plaques. In animals fed the low-fat, cholesterol-free diet, atherosclerosis was confined to the distal aorta. Similar observations were previously made by Moss and Benditt. WHAM chickens than in controls. Nevertheless, there was still no significant increase in atherosclerotic lesion area in cholesterol-fed WHAM chickens compared with cholesterol-fed control chickens. One possible interpretation of the data is that the atherogenic effects of the 2.4-fold elevated VLDL levels relative to HDL levels in the control chickens are roughly equivalent to the atherogenic effects of the 3.7-fold elevated LDL levels in WHAM chickens relative to their 80% lower HDL levels.
It was particularly useful to analyze data from animals not fed a high-fat diet, animals in which the levels of presumed atherogenic lipoproteins, such as IDL and LDL, were not being manipulated. Although the differences were not significant (p=0.08), control chickens appeared to be considerably more susceptible than WHAM chickens to spontaneous atherosclerosis (lesion areas, 21.4% and 3.2%, respectively; Table 4 ). The total cholesterol concentration was 76% lower in WHAM chickens. Our previous analyses have shown that the reduction in plasma cholesterol levels is primarily due to a large drop in the HDL concentration, but a 50% drop in the LDL cholesterol concentration was also noted. 21 Thus, WHAM chickens may be protected by their lower LDL levels.
One mechanism by which HDL is thought to exert its proposed protective effect against atherosclerosis is through transport of extrahepatic cholesterol to the liver (reverse cholesterol transport), as originally proposed by Glomset. 30 Consistent with this hypothesis, tissue culture experiments indicate that HDL is an efficient acceptor for cholesterol from a variety of cell types (reviewed by Phillips et al 31 ) . Another prediction of the hypothesis is that HDL should be capable of delivering cholesterol to the liver. Consistent with this prediction, the studies of Glass et al 32 have shown that cholesterol esters from HDL can be delivered to the liver independently of HDL particle uptake.
Francone and Fielding 33 have shown that the initial step of cholesterol efflux from cell membranes is mediated by pre-/3-migrating HDL particles. This suggests that the concentration of pre-/3-migrating HDL, rather than total HDL, may be crucial for reverse cholesterol transport. It may therefore be inappropriate to consider total plasma HDL as a protective agent. The poor correlation between HDL deficiency and atherosclerosis in Tangier disease, familial LCAT deficiency, fish eye disease, apo A-Ima^, and, as shown here, WHAM chickens must therefore be considered within the context of the many components of reverse cholesterol transport; HDL concentration may not be ratelimiting for this process in these particular instances. First, as described above, particular subtractions of HDL and other minor lipoproteins are especially efficient cholesterol acceptors. If total HDL concentration does not correlate strongly with the levels of efficient cholesterol acceptors either between species or between individuals, then total HDL concentration may not always be a reliable predictor of cardiovascular risk. Second, the concentration of cholesterol acceptors may not always be rate-limiting for reverse cholesterol transport. There may be situations in which steps, such as those catalyzed by LCAT or cholesterol ester transfer protein, or the transfer of HDL cholesterol to the liver, may represent the rate-limiting step. Third, HDL may be protective via a mechanism not involving cholesterol transport. Fourth, HDL may not itself be a protective agent but may correlate with a protective factor or process, such as efficient lipolysis of trigryceride-rich lipoproteins.
It may therefore be inappropriate to predict that any species (or human subject) with an HDL deficiency syndrome will be more susceptible to atherosclerosis. It will be enlightening to compare model systems in which HDL deficiency has markedly different consequences on atherogenic risk. Such comparisons may shed further light on why HDL levels often, but not always, correlate with risk of atherosclerosis.
